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Precise x-ray diffraction measurements using high-energy x rays of synchrotron radiation and systematic 
Raman scattering measurements were carried out for Gex S100−x (10 � x � 40) network glasses. The structural 
models of the network glasses were proposed based on the results. In the stoichiometric composition Ge33S67, 
GeS4 tetrahedral units are connected forming either corner-sharing or edge-sharing structures. In the S-rich 
glasses, S atoms are inserted between two neighboring GeS4 tetrahedra, resulting in a flexible floppy network. 
In a much more S-rich region, some S8 ring molecules are isolated from the network, and assemble to form a 
crystal in nanoscopic scale. In this respect, Ge10S90 samples are regarded as crystallized glasses. In the Ge-rich 
region, the GeS4 tetrahedra are connected with bridging Ge atoms. The connection makes a new rigid network. 
The bridging Ge-S bond is weaker than the intratetrahedron bond, and this leads to drastic changes in the optical 
properties. 
DOI: 10.1103/PhysRevMaterials.3.035601 
I. INTRODUCTION 
There has been considerable interest in amorphous chalco­
genide semiconductors for more than 40 years because of their 
diverse functionality, in which the physical properties change 
by applying a specific external field like light illumination 
[1–3]. Among various amorphous chalcogenides, Ge-S (Se) 
glassy binary alloy is one of the most studied materials 
because of its simplicity, in which the system is composed 
of only two elements, and its structural variations. The Ge-
S (Se) system has a good glass-forming ability in a wide 
composition range [4,5]. The network structure is built up 
with fourfold-coordinated Ge atoms and twofold-coordinated 
S (Se) atoms. The nature of the network is considered to 
change with increasing Ge [or S (Se)] content. Phillips [6] 
regarded the number of constraints per atom, NCO, and pro­
vided the optimum concentration for glass-forming ability in 
GexSe1−x system as x = 1 . The network is under constraint 6 
1 1 1for x < , while it is over constraint for x > . At  x = 6 ,6 6 
the mean coordination (r) should be rp = 2.33. Thorpe [7] 
referred x < 1 as “floppy” region in which the network is 6 
1like a polymeric glass, while he referred x > 6 as “rigid” in 
which the network is like amorphous solid. There should be 
a rigidity percolation transition across rp in the system. After 
17 years from their suggestions, Thorpe and Phillips and their 
related researchers, more specifically Boolchand, pointed out 
that there can also be a narrow third region around rp, what 
they call “intermediate phase,” where the network is rigid, 
but stress free [8–12]. Overall, these possibilities indicate 
varieties in the network system in Ge-S(Se) alloys. 
So far, the microscopic “molecularlike” structure in 
glassy Ge-S(Se) system has been mainly investigated by 
Raman spectroscopy. At x = 0.33 [GeS(Se)2], there are 
GeS(Se)4/2 tetrahedral units which also exist in GeS(Se)2 
crystal. The presence of the units is confirmed by the Ra­
man peak, assigned to the breathing mode of methanelike 
GeS(Se)4/2 molecules (for corner-sharing tetrahedra) [13,14]. 
SiO2 glasses have only such corner-sharing tetrahedra SiO4/2. 
However, Ge-S(Se) glasses have also edge-sharing tetrahedra. 
Furthermore, Ge-S(Se) glasses can have homopolar Ge-Ge 
and S-S (Se-Se) bonds, whereas SiO2 glasses have only Si-O 
heteropolar bonds. In the Raman spectra, the Ge-Ge bonds can 
be found from the vibrational mode of S(Se)3-Ge-Ge-S(Se)3 
ethanelike unit [15]. Moreover, we have suggested from 
theoretical considerations that there would be single chains, 
including Ge-Ge or S-S (Se-Se) homopolar bonds, in Ge-
rich Ge-S glasses [16], although an experimental evidence is 
required for the validity. 
Ge-S(Se) alloys have also received considerable attention 
due to the possibility for silver photodiffusion, which is 
a specific photoinduced effect in chalcogenide films. It 
was reported in 1966 [17] and has been used in diverse 
applications such as photoresist [18], the fabrication of 
relief images in optical elements [19], and nonvolatile 
memory devices [20,21]. It is interesting to know how 
silver ions diffuse in the chalcogenide layer, and there have 
been considerable works on the kinetics [22]. Recently, 
the authors performed neutron reflectivity measurement 
of Ag/Ge-chalcogenide films and found that the kinetics 
of the silver photodiffusion markedly depends on the Ge 
composition [23–27]. Such Ge composition dependence is 
attributed to the difference in the structure of amorphous 
Ge-S alloy. Therefore, it is important to clarify the structure 
of amorphous Ge-S alloy for various Ge compositions. 
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The diffraction study can provide important information 
on the local and the medium-range structure, and could be a 
useful technique to explain the Ge composition dependence 
on Ag photodiffusion in Ge containing glasses. Systematic 
x-ray diffraction measurements were performed by Fueki 
et al. for 10 x 40 [28]. However, the measured Q range 
was limited up to 13.5 Å−1 because of the used x-ray source, 
which was generated by Mo target. Detailed discussion on 
the pair distribution functions would be difficult due to the 
limitation of the Q range. In recent years, excellent works 
have been done on the structure of Ge-S binary glasses using 
synchrotron radiations and neutron sources for the S-rich 
glasses by Bychkov et al. [29] and for the Ge-rich glasses 
by Bytchkov et al. [30]. However, the analysis has not been 
done in a unified way through the whole glass-forming range, 
including both S-rich and Ge-rich regions. 
In this paper, we performed precise measurements of x-ray 
diffraction of Ge-S binary glasses for wide Ge-composition 
region, 10 x 40, using the synchrotron radiation at 
SPring-8 and compare the result with systematically mea­
sured Raman spectra. Based on the results, we discuss the 
structural variations in the glasses in terms of the short-
range, medium-range, and nanoscopic orders, and explain the 
composition dependence of the physical properties of Ge-S 
glasses. 
II. EXPERIMENT 
GexS100−x (x = 10, 20, 30, 33, 40) glasses were prepared 
by quenching the melts with exactly measured quantities of 
Ge and S with purity 99.999, placed in fused silica ampoules 
evacuated to 10−5 Torr. In order to obtain homogeneous 
glasses the synthesis of each composition was carried out for 
7 days and the quenching was performed at a temperature 
50 ◦C above the glass transition temperature of the particular 
mixture. The composition of the glassy material was checked 
applying Energy Dispersive Spectroscopy (EDS) using a Hi­
tachi S-3400N EDS system. The results were acquired by 
averaging data over five points on each sample. The analysis 
revealed that within the resolution of the system the composi­
tion of the samples corresponds to the one planned for the five 
samples synthesized for the experiment. 
The high-energy x-ray diffraction experiments were car­
ried out at the bending magnet beamline BL04B2 [31] of  
SPring-8 with a two-axis diffractometer for disordered ma­
terials [32]. The incident photon energy of 61.7 keV, which 
was obtained from a bent Si (220) crystal, was used for 
the experiment. The measurements were performed in trans­
mission geometry. The intensity of the incident x ray was 
monitored by an ionization chamber filled with Ar gas and the 
scattered x rays were detected by a CdTe solid-state detector. 
The collected data sets were corrected for the absorption, 
the background, and the polarization. Details of the data 
correction and the normalization procedures are given in [33]. 
The Raman spectra were measured at room temperature 
using a Raman spectrometer (JASCO, NRS-7500) with the 
laser excitations of 532 and 785 nm. The relationship between 
the excitation energy and the absorption edge of the glasses 
will be shown in Sec. III (Fig. 5). 
III. RESULT AND DISCUSSION 
A. X-ray diffraction 
1. Pair distribution functions 
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FIG. 1. Pair distribution functions of Gex S100−x (x = 10, 20, 30, 
33, 40) glasses. The broken line, indicated by “ES,” shows the 
position where the peak associated with the Ge-Ge distance between 
two neighboring edge-sharing GeS4 tetrahedra, at 2.9 Å. 
Figure 1 shows the pair distribution functions of GexS100−x 
(x = 10, 20, 30, 33, 40) glasses. The peaks in the pair dis­
tribution functions are compared to the interatomic distances 
in the crystals with the stoichiometric compositions (x = 0, 
33, and 50): α-sulfur [34], the high-temperature phase of 
GeS2 crystal [35], and GeS crystal [36–39]. The S-S bond 
length in a S8 ring in α-sulfur is 2.06 Å [34]. The Ge-S bond 
length in GeS4 tetrahedral unit in the high-temperature phase 
of GeS2 crystal is 2.22 Å [35]. The Ge-S bond length in 
GeS crystal is 2.44 Å [37,39]. The first peaks, ranging from 
1.8 to 2.8 Å, are attributed to these bonds. In Ge30S70 and 
Ge33S67, there is a small peak at 2.9 Å. This indicates the 
Ge-Ge distance in the edge-sharing tetrahedra (2.91 Å) [40]. 
The second peak, ranging from 3.1 to 4.0 Å, can be related to 
several types of inter-atomic distances. The second-neighbor 
S-S distance in S8 ring molecules is estimated to be 3.34 Å, 
according to the bond length and the bond angle [34]. Even 
when an S8 ring molecule opens to a helical chain, the second-
neighbor distance can be preserved. The atomic correlations 
can contribute to the second peak in S-rich Ge-S glasses. The 
distance between neighboring S atoms in GeS4 tetrahedron 
is estimated to be 3.62 Å, according the bond length and 
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the bond angle [35]. The Ge-Ge distance in corner-sharing 
tetrahedra is 3.41 Å according to the simulations of glassy 
GeS2 [40]. These atomic correlations impact on the second 
peak for all Ge compositions. Overall, the local structure 
obtained from the pair distribution functions is consistent 
with the previous picture on the structural transformation of 
molecularlike units, established by the Raman spectroscopy 
[13,41]. 
The detailed features of the first peak are shown in Fig. 2. 
The peak maximum position drastically shifts from 2.20 to 
2.22 Å when Ge content changes from 10 to 20 at.% Ge. 
Also, a shoulder appears in the longer distance side around 
2.40 Å at x = 40. These results indicate the local structural 
transformations at the composition changes from x = 10 to 
20 and from x = 33 to 40. 
For x = 10 and 20, there are two bond lengths to pro­
duce the first peak. One is the S-S bond in a S8 ring in 
α-sulfur, or in polymeric sulfur chains. In both cases, the bond 
length is about 2.06 Å. The other bond is the Ge-S bond 
in a GeS4 tetrahedron, which is formed in crystalline GeS2 
[35], and the bond length is 2.22 Å. The first peak is well 
fitted by the two Gaussian curves assuming the two types of 
bonds. 
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FIG. 2. The first peak in the pair distribution functions in Fig. 1 
and the result of the curve fitting. Circles indicate the experimental 
data. The solid red curves indicate the fitted curves assuming one 
Gaussian or the sum of the two Gaussian curves. The dotted curves 
are the components of the Gaussian curves. 
For x = 30 and 33, the first peak is fitted by only one 
Gaussian curve assuming the Ge-S bond in the GeS4 tetra­
hedron. So far, a presence of Ge-Ge wrong bonds in GeS2 
glass (x = 33) was suggested as well as in GeSe2 glass, 
forming S3-Ge-Ge-S3 ethanelike structure [15,41]. Indeed, the 
Ge-Ge bonds were observed in GeSe2 glass from a neutron 
diffraction measurement by Salmon and Perti [42,43] and 
ab initio molecular-dynamics simulations by Cobb et al. [44], 
and a first-principles study on the Raman-active modes by 
Jackson et al. [45]. However, the amount of such Ge-Ge 
wrong bonds is supposed to be negligibly small in glassy GeS2 
according to x-ray and neutron diffraction measurements by 
Bytchkov et al. [30], the Ge K-edge extended x-ray absorption 
fine-structure spectroscopy (EXAFS) studies by Ibanez et al. 
[46] and Armand et al. [47], and ab initio molecular-dynamics 
simulations by Blaineau et al. [40,48]. These results are 
consistent with the present result of one Gaussian fitting. 
For x = 40, the shoulder in the first peak indicates a 
presence of an additional bond site to the Ge-S bond in the 
GeS4 tetrahedron. There are three possibilities. The first one 
is the longer Ge-S bond, which is formed in crystalline GeS 
[37,39]. In this case, Ge atoms are threefold coordinated. The 
bond length is 2.44 Å. The second one is the Ge-Ge bond, 
which appears as a S3-Ge-Ge-S3 ethanelike unit. According 
to the molecular dynamics simulations of GeS2 glasses by 
Blaineau and Jund (2004) [48], the bond length is 2.42 Å 
although the content is very small in GeS2 glasses. The 
last one is the Ge-Ge bond, which appears in amorphous 
germanium. The bond length is 2.46 Å [49,50]. So far, the 
Ge-Ge bond was assumed as the additional bond site in the 
EXAFS studies [46,47,51]. Bytchkov et al. assumed both 
the Ge-Ge bond and the longer Ge-S bond in their x-ray 
and neutron diffraction study [30]. However, according to the 
recent density functional/molecular dynamics simulations of 
Ge42S58 glasses by Akola et al. [52], the major bond types are 
the Ge-S bond with fourfold-coordinated Ge atoms (37%) and 
the Ge-S bond with threefold-coordinated Ge atoms (41%). 
Therefore, the two Ge-S bond sites (2.22 and 2.44 Å) were 
assumed in this study, and the first peak was well fitted as 
shown in Fig. 2. 
The height of the Gaussian used for the fitting is plotted as 
a function of Ge content as shown in Fig. 3. This clearly indi­
cates the transformation of the first-neighbor local structure in 
Ge-S glasses. For x = 10, the first peak is composed of Ge-S 
bonds and S-S bonds. With increasing Ge content, the contri­
bution of the S-S bond decreases while that of the Ge-S bond 
increases. For x = 33, there is only the Ge-S bond. At x = 40, 
a longer Ge-S bond with 2.44 Å in length appears in addition 
to the Ge-S bond with 2.22 Å in length, belonging to the 
GeS4 tetrahedron. Such changes in the local order must affect 
the electronic band structure. Figure 4 shows the schematic 
electronic band structure of glassy GeS2 [53–55]. It should 
be pointed out that the energy splits into the bonding and 
antibonding levels by the formation of covalent bonds. The 
split energy becomes greater by forming a stronger (shorter) 
bond. Assuming that the energy of the lone-pair electrons is 
fixed, the energy gap Eg is determined by the split energy. For 
x = 10, there are the S-S bond (2.06 Å) and the Ge-S bond 
(2.22 Å). Considering that the total energy gap is determined 
by a smaller splitting (a weaker bond), the energy gap of 
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Ge10S90 is determined by the Ge-S bond. For x = 33, there 
is only Ge-S bond, and the energy gap of Ge33S67 is also 
determined by the Ge-S bond. However, for x = 40, a new 
contribution from longer (weaker) Ge-S bond appears. This 
longer (weaker) bond leads to a smaller split energy and, thus, 
Eg decreases when Ge content changes from x = 33 to 40. We 
compare this theoretical expectation with experimental data of 
the optical gap. Figure 5 shows the composition dependence 
of the optical gap and the optical absorption edge of Ge-S 
glasses [56–58]. (The optical absorption edge is determined 
by the wavelength where the absorption starts in the measured 
film, and it depends on the thickness of the film.) It is noted 
that the optical gap (optical absorption edge) moderately 
changes from x = 10 to 33, but it abruptly decreases from 
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FIG. 3. Composition dependence of the peak heights obtained 
from the fitting in Fig. 2. 
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FIG. 4. Schematic diagram of the energy levels and the bands for 
glassy GeS2. 
FIG. 5. Composition dependence of the optical gap of Ge-S 
glasses. Red circles indicate the data measured by Seki et al. [56] and  
the black triangles indicate the data measured by Pan et al. [57]. The 
optical absorption edges measured by Kawamoto and Tsuchihashi 
[58] are also shown in blue triangles. The broken lines indicate 
the energies of the excitation lasers used for Raman scattering 
measurement, which will be discussed in Sec. III B. 
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Ge10S90 Ge20S80 
1cm1cm 
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Ge40S60 
FIG. 6. Colors of Ge-S glasses. 
x = 33 to 40. This is exactly consistent with our expectation 
from the change in the local order. The result is also consistent 
with the visible color of Ge-S glasses, which is shown in 
Fig. 6. Ge10S90 and Ge20S80 color in yellow. Ge30S70 colors in 
orange with brown color, and Ge33S67 colors in yellow with a 
little orange. In essence, these colors are similar. However, 
the color of Ge40S60 drastically changes to be black. This 
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TABLE I. Coordination numbers. The present results are indicated in bold. Previously published results are indicated in parentheses 
with the references. The error bars in the present results were estimated only from the maximum and minimum values of the x-ray 
weighing coefficients for partial structure factors Wi j  , which depend on Q (see Appendix and Fig. 27). Other factors such as the accuracy 
in the determination of the pair distribution functions and the accuracy in the Gaussian fitting are not included in the evaluation of the 
errors. Reference [47]: Ge K-edge EXAFS; Ref. [64]: S K-edge EXAFS; Ref. [30]: x-ray and neutron diffraction; Ref. [52]: density 
functional/molecular dynamics simulations. 
S-S Ge-S(I) S-Ge(I) Ge-S(II) S-Ge(II) 
Ge10S90 1.21 ± 0.11 4.14 ± 0.56 0.45 ± 0.05 
Ge17S83 (0.6 ± 0.2 [64]) (3.6 ± 0.4 [47]) (1.4 ± 0.2 [64]) 
Ge20S80 0.41 ± 0.07 4.48 ± 0.23 1.10 ± 0.06 
(0.3 ± 0.1 [64]) (3.6 ± 0.4 [47]) (1.7 ± 0.1 [64]) 
Ge30S70 3.73 ± 0.03 1.84 ± 0.02 
Ge31S69 (3.9 ± 0.4 [47]) 
Ge33S67 3.77 ± 0.08 1.86 ± 0.04 
(0.01 [64]) (3.8 ± 0.4 [47]) (2.0 ± 0.1 [64]) 
(3.95 ± 0.15 [30]) (0.05 ± 0.15 [30]) 
(Ge-X) 
Ge40S60 2.41 ± 0.12 1.58 ± 0.08 1.27 ± 0.06 0.85 ± 0.04 
(2.7 ± 0.5 [47]) (2.0 ± 0.2 [64]) (0.9 ± 0.1 [47]) 
(Ge-Ge) 
(2.72 ± 0.15 [30]) (1.16 ± 0.15 [30]) 
[Ge-X (X: S or Ge)) 
Ge42S58 (2.37 ± 0.15 [30]) (1.52 ± 0.15 [30]) 
[Ge-X (X: S or Ge)] 
(0.10 [52]) (3.24 [52]) (2.35 [52]) (0.32 [52]) 
(Ge-Ge) 
means that the optical gap abruptly decreases when Ge content 
changes from x = 33 to 40. The smaller energy gap can make 
a photosensitivity greater. In fact, we observed a particular 
photoinduced effect in amorphous Ge46S54 under air [59,60]. 
This change must be related to the specific electronic structure 
of Ge-rich Ge-S glasses, in other words, the appearance of a 
new longer bond in Ge-rich Ge-S glasses. 
2. Coordination number 
The coordination number can directly provide the picture 
of the network structure, and it is obtained from the radial 
distribution functions (RDF) (see Appendix). In general, there 
is a relationship between the RDF and the pair distribution 
functions g(r) [61,62]: 
RDF(r) ≡ 4πr2ρ = 4πr2ρ0g(r), (1) 
where ρ0 is an average number density of the system and ρ0 = 
N/V (N : the number of atoms in the system, V : the volume of 
the system). Figure 7 shows the RDF of GexS100−x glasses, 
and the coordination numbers calculated from the RDF are 
summarized in Table I. The structural picture of the network 
in each glass can be built up according to the coordination 
numbers as follows. 
For Ge30S70 and Ge33S67, the first-neighboring atomic pair 
is only a Ge-S bond. The coordination number of S atoms 
around a Ge atom (NGe-S(I)) is about 4, forming a tetrahedron 
with four sp3 hybrid orbitals. On the other hand, the coordi­
nation number of Ge atoms around a S atom (NS-Ge(I)) is about 
2. This simple case is illustrated in Fig. 8. 
The GeS4 tetrahedra are connected to each other, with 
either corner sharing (a) or edge sharing (b). According to the 
approximate ab initio molecular dynamics simulations [40], 
the Ge-Ge distance in the corner-sharing tetrahedra is 3.41 Å, 
while the Ge-Ge distance in the edge-sharing tetrahedra is 
2.91 Å. In fact, there are small peaks at 2.9 Å in the RDFs 
of Ge30S70 and Ge33S67, which indicates the corner-sharing 
connection. Also, there are large peaks around 3.5 Å in the 
RDFs of Ge30S70 and Ge33S67 and the peak which originates 
from the edge-sharing connection at 3.4 Å is supposed to be 
included in the large peaks. 
For Ge20S80, there are two types of bonds: Ge-S bond and 
S-S bond. NGe-S(I) is about 4, indicating that all Ge atoms 
are surrounded by four S atoms, forming a GeS4 tetrahedron. 
On the other hand, NS-Ge(I) is about 1 and the coordination 
number of S atoms around a S atom (NS-S) is about 1 . In recent 2 
first-principles molecular-dynamics simulations of Ge20S80 
(GeS4) glasses by Bouzid et al. [65], NS-S is 1. Considering 
the electronic configuration of a sulfur atom, this result can be 
understood as follows. The uppermost orbital of a S atom is 
p orbital and there are four p electrons. Two of them are used 
for covalent bonds leaving two lone-pair electrons. Thus, S 
atoms have twofold coordination. NS-Ge(I) = 1 and NS-S = 1 
mean that one side of a S atom is connected with a Ge atom 
and the other side is connected with a S atom.  Therefore,  GeS4 
tetrahedra can be connected forming S-S bond as shown in 
Fig. 9(a). However, NS-S is 1 in the present experiment. This 2 
means that a half of S-S bonds are broken, forming dangling 
bonds as illustrated in Fig. 9(b). It is well known that electron 
spin resonance (ESR) signals are not detected in chalcogenide 
glasses in general, and this is explained by the change from the 
uncharged paramagnetic center with an unpaired electron (D0) 
to the positively and negatively charged diamagnetic defect 
centers (D+ and D−) [66,67]. However, germanium sulfide 
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glasses are exceptional, and clear ESR signals are detected 
[68–73]. Especially, ˇCerný and Frumar [72] suggested from 
their ESR results that the defects were created by the S-S 
bond breaking between two GeS4 tetrahedra and this agrees 
with the structural model illustrated in Fig. 9(b). Using  the  
structural picture, the result of the simulations by Bouzid 
et al. (NS-S = 1) can be understood as the ideal case of no 
structural defects, which was probably realized by a specific 
quench condition. It is noted that a series of GeS4 tetrahedra in 
Fig. 9(b) indicates a chainlike (one-dimensional) connection 
and that this is different from three-dimensional network in 
GeS2 (Fig. 8). Thorpe [7] and Phillips [6] predicted that the 
S-rich Ge-S glasses have a floppy nature, considering that 
twofold-coordinated S atoms are dominant in the glasses. 
Probably, polymeric S-S chains could be regarded as the 
floppy chains. However, our model requires a modification on 
the structural units of the floppy chains from -S- to -S-Ge-S-, 
or GeS4 tetrahedra. 
FIG. 7. Radial distribution functions (RDF) of Ge-S glasses. The 
mass densities in the literature [63] were used to obtain the RDF. The 
areas for the estimation of the coordination number are indicated in 
different colors: S-S (yellow), Ge-S (I) (pink), and Ge-S (II) (light 
blue). 
GeS2 (Ge33S67) 
N(Ge-S) =4
 
N(S-Ge) =2 (b)
 
(a) 
FIG. 8. Schematic illustration of the possible network structure 
of GeS2 (Ge33S67) glasses. (a) Network connection with corner-
sharing GeS4 tetrahedra, (b) network connection with edge-sharing 
GeS4 tetrahedra. The green broken line indicates a possible position 
where a S-S bond of the edge dimer in “outrigger raft” can be formed. 
GeS4 (Ge20S80) 
N(Ge-S) =4 N(Ge-S) =4N(S-Ge) =1 N(S-Ge) =1
N(S-S) =1 N(S-S) =0.5 
(a) (b) 
FIG. 9. Schematic illustration of the possible network structure 
of GeS4 (Ge20S80) glasses. (a) network connection with complete 
(no-sharing) GeS4 tetrahedra (b) chain-like (one-dimensional) con­
nection with complete (no-sharing) GeS4 tetrahedra. 
For Ge10S90, there are also two types of bonds: Ge-S 
bond and S-S bond. NGe-S(I) is about 4, indicating that all 
Ge atoms are surrounded by four S atoms, forming a GeS4 
tetrahedron. On the other hand, NS-Ge(I) is 1 , and NS-S is about 2 
1.25. These coordination numbers can be explained by the 
model shown in Fig. 10. In the model, Ge10S90 glasses are 
replaced to Ge11S89, which is equivalent to GeS8. A GeS8 
unit consists of a GeS4 tetrahedron and four S atoms attached 
to the four ends of the tetrahedron, forming Ge(S-S)4. Two  
of the ends of a GeS8 unit connect with the end of another 
GeS8 unit, forming polymeric chains. The remaining two ends 
of the GeS8 unit are supposed to be dangling bonds because 
NS-S is about 1.25 [(1 × 2 + 2 × 2 + 1 × 4)/8]. Regard­
ing the dimensionality of the network connection, Ge33S67 
and Ge33S67 have three-dimensional character, Ge20S80 and 
Ge10S90 have one-dimensional one (chainlike connection). 
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The network is supposed to be flexible (floppy) with de­
creasing the dimensionality from three to one. In fact, the 
Vickers hardness rapidly decreases with increasing S content 
for glasses with 33 at.% Ge to 10 at.% Ge [58]. The glass 
transition temperature and the softening temperature rapidly 
decrease with increasing S content for glasses with 33 at.% 
Ge to 10 at.% Ge [58,74]. The average thermal expansion 
coefficient in the temperatures between room temperature 
and the glass transition temperature rapidly increase with 
increasing S content for glasses with 33 at.% Ge to 10 at.% 
Ge [58]. These physical and thermal properties agree with the 
expectation of the floppy nature in the S-rich Ge-S glasses. 
N(S-S) =1.25 
N(Ge-S) =4 
N(S-Ge) =0.5 
GeS8 (Ge11S89) 
FIG. 10. Schematic illustration of the possible network structure 
of GeS8 (Ge11S89) glasses. GeS8 units connect to each other to form 
floppy network. 
For Ge40S60 glass, two types of the Ge-S bond mainly 
contribute to construct the network system as shown in the 
previous section. One Ge-S bond [Ge-S(I)] is shorter with 
2.22 Å in length and the Ge atom is fourfold coordinated. 
The sp3 hybrid orbitals are supposed to be formed in the Ge 
atom. The other Ge-S bond [Ge-S(II)] is longer with 2.44 Å in 
length and the Ge atom is threefold coordinated. This picture 
coincides with our previous model for Ge-rich Ge-S (Se) 
glasses. In the model, we assumed the fragments of the double 
layer in crystalline GeS. The double layer is built up with 
threefold-coordinated Ge atoms and threefold-coordinated S 
atoms. Two p orbitals of both Ge and S atoms are supposed 
to participate in covalent bonding, and zigzag Ge-S chains 
are formed. In addition, one empty orbital of a Ge atom and 
one lone-pair orbital of a S atom form a coordinate bond, 
whose direction is perpendicular to the zigzag chains. In this 
way, “double layer” is formed [16]. Figure 11 is a possible 
network model of Ge40S60 glasses. The network is composed 
of layers, and each layer is composed of the sequences of 
GeS4 tetrahedral units and the Ge atoms which bridge two 
tetrahedra. The Ge atoms bridge again one tetrahedron on 
the adjacent layer, forming threefold coordination. In the 
model, the local coordination numbers are NGe-S = 4, NS-Ge = 
2 (tetrahedron); NGe-S = 3, NS-Ge = 3 (double layer). The 
averaged coordination numbers were estimated by assuming 
the two types of the Ge-S bond as shown in Table I. In Fig.  11, 
there are two types of Ge atoms (fourfold coordinated and 
threefold coordinated), and two types of S atoms (twofold 
coordinated and threefold coordinated). In both of the atoms, 
the former one is categorized into the tetrahedral unit type, 
and the latter one is categorized into the double-layer type. 
In Fig. 11, the ratio of these is 1:1. However, the ratio can 
be changed by by breaking a bond or by inserting a Ge-Ge 
or S-S wrong bond. Assuming that the ratio is 6:4, NGe-S(I) = 
4 ×0.6 + 0 × 0.4 = 2.4, NGe-S(II) = 0 ×0.6 + 3 × 0.4 = 1.2, 
NS-Ge(I) = 1 ×0.6 + 2 × 0.4 = 1.4, and NS-Ge(II) = 1 ×0.6 + 
1 × 0.4 = 1.0. These are in good agreement with the coor­
dination numbers estimated from the present result, listed in 
Table I. It is noted that the weaker Ge-S bonds characterize 
the network structure in terms of rigidity. Vickers hardness 
increases a little, showing that the network becomes more 
rigid with increasing Ge content from 33 at.% Ge to 44 at.% 
Ge [58]. On the other hand, the glass transition temperature 
and the softening temperature decrease with increasing Ge 
content from 33 at.% Ge to 44 at.% Ge [58,74]. The viscosity 
at the same temperature also decreases with increasing Ge 
content [75]. These results seem to show that the glasses 
become more floppy in the Ge-rich region to the contrary. 
However, these features can be understood as the increase of 
the rigidity in the Ge-rich region at room temperature due 
to the participation of the new longer Ge-S bonds, and the 
breakage of the Ge-S bonds at high temperatures due to the 
weakness of the bonds. 
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SGe 
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FIG. 11. Schematic illustration of a possible network structure of 
Ge40S60 glasses. A series of GeS4 tetrahedra and their bridges made 
of the azure Ge atoms and the lime S atoms form the upper layer, 
while that made of the navy blue Ge atoms and the yellow S atoms 
form the lower layer. Both of the layers are bonded to each other, 
with threefold-coordinated atoms. 
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3. Structure factors 
The structure factors reflect the structural transformation 
in various spatial ranges, short-range, medium-range, and 
nanoscopic scale, and the changes in the reciprocal space are 
sometimes much more clearly observed than those in the real 
space. Figure 12 shows the structure factors of GexS100−x 
(x = 10, 20, 30, 33, 40) glasses in 0.16 Q 25.78 Å−1. 
It is noted that a clear oscillation is observed up to 25 Å−1 
for each compound, showing that the measurement has been 
made very precisely using the intensive x-ray source whereas 
the atomic form factors decrease with increasing Q. Basic  
features are similar to those of the previous x-ray diffraction 
result measured by Fueki et al. [28] except the result of 
Ge10S90. In their result, the first peak almost disappears and 
the second peak is larger than the present result. The neutron 
diffraction pattern of GeS2 (Ge33S67) [76,77] is also similar 
to the present data. (The first peak in the data of Lin et al. 
[76] is a little bit larger.) The structure factors of Ge33S67 and 
Ge40S60 measured by Bytchkov et al. up to 20 Å−1 [30] have  
also similar profile to the present result. 
P1 P3 
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Ge40S60 
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FIG. 12. Structure factors of GexS100−x (x = 10, 20, 30, 33, 40) 
glasses. 
Figure 13 shows the composition dependence of the peak 
positions in the structure factors of GexS100−x (x  10, 20, 
30, 33, 40) glasses. As shown in the figure, the position
=
 of 
each peak changes with increasing Ge content: some of them 
monotonously decrease (increase), and some of them have 
an onset composition of the change. Figure 14 shows the 
composition dependence of the peak height in the structure 
factors of GexS100 (x  10, 20, 30, 33, 40) glasses. The peak −x 
height does not change 
=
so much except for P1. 
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FIG. 13. Composition dependence of the peak positions in the 
structure factors of GexS100−x (x = 10, 20, 30, 33, 40) glasses. P1, 
P2, P3, P4, and P5 are indicated in Fig. 12. 
The first peak in the structure factors is often referred as 
“first sharp diffraction peak (FSDP),” and indicates medium-
range order [67,78]. In the previous studies [79] it has been 
accepted that the FSDP displays the spacing in layerlike 
structure in the materials. However, nowadays it is widely 
accepted that the FSDP suggests the chemical ordering of 
interstitial voids in the network of glasses [80–82] or the pe­
riodicity arising from the boundaries between a succession of 
the cages which comprise the structure of a three-dimensional 
covalent network [83,84]. Recently, Crupi et al. proposed the 
periodicity of the boundaries of voids in a random network as 
the origin of the FSDP [85]. In any case, these authors note 
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on the spatial distribution where no atoms exist because of a 
sort of “frustration” in the atomic arrangement in amorphous 
materials and tried to express the characteristic distance of the 
spatial distribution according to their theory. To confirm the 
validity of the understanding, we examined how the FSDPs 
affect the pair distribution functions by assuming the structure 
factors without the FSDP (the broken curves in Fig. 15). 
Figure 16 shows the pair distribution functions obtained 
from the structure factors with and without the FSDP. As 
shown in the figure, the difference appears at the distance 
from 4 to 5.5 Å. In the spatial range, the pair distribution 
functions obtained from the structure factors with the FSDP is 
smaller than those obtained from the structure factors without 
the FSDP. The difference is the greatest at 30 and 33 at.% 
Ge, where the FSDP has a maximum height (Fig. 14). The 
less pair distribution functions mean the less relative atomic 
distribution. In other words, there can be voids in the network. 
The spatial range is consistent with a value roughly estimated 
from the peak position using 2π/Q1 (Q1: the peak position of 
the FSDP): 5.3–6.3 Å. 
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FIG. 14. Composition dependence of the peak height in the 
structure factors of Gex S100−x (x = 10, 20, 30, 33, 40) glasses. 
Q (Å-1) 
FIG. 15. Structure factors around the FSDP of GexS100−x (x = 
10, 20, 30, 33, 40) glasses. The broken curves are artificially pro­
duced structure factors assuming that there is no FSDP. 
Figure 13 shows that the position of the FSDP decreases 
with increasing Ge content. This suggests that the spatial 
distribution of the network cages with voids becomes larger 
with increasing Ge content. At 30 and 33 at.% Ge, two 
separated GeS4 tetrahedral units are connected by another 
GeS4 tetrahedron, and an interstitial void is produced between 
the tetrahedra [Fig. 8(a)]. The bridging tetrahedron plays roles 
in connecting the other tetrahedra, and in keeping a distance 
between them as if it is a prop. When Ge content changes 
from 33 at.% Ge to 40 at.% Ge, a new Ge atom is added to 
bridge a gap between two GeS4 tetrahedra, forming weaker 
(longer) Ge-S bonds (Fig. 11). Since the occupied volume 
by the bridging atoms becomes smaller (a GeS4 tetrahedron 
→ a S-Ge-S unit), and the bond length becomes longer, the 
interstitial void is supposed to be larger. This is consistent with 
the experimental result of the FSDP position. On the other 
hand, in S-rich region, S atoms are inserted between the GeS4 
tetrahedra. It is noted, in general in sulfur molecules, that S 
atoms bond to each other, fixing a bond length, a bond angle, 
and a dihedral angle, but the sign of the dihedral angle can 
be changed flexibly [86]. This would reduce props between 
two GeS4 tetrahedra and the interstitial void is expected to 
be smaller. This is also consistent with the result of the FSDP 
position. In Fig. 14, the peak height has a maximum at 33 at.% 
Ge. The peak height may be related to a sharpness of the peak, 
and the sharpness can be evaluated by a peak width. The peak 
width was determined by a curve fitting assuming Lorentzian 
and Gaussian as shown in Fig. 17. Here, we used a net FSDP 
curve by subtracting a base curve (the broken curve in Fig. 15) 
from the experimental curve. According to the discussion on 
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2 w 
y = y0 + A (x − x0)2 + w2 . 
[ ](x − x0)2 y = y0 + A exp − 2 . 2w
the curve fit to the FSDP for vitreous silica by Wright et al. 
[87], the Gaussian fit is very poor, and the low-Q side of the 
peak is very closely Lorentzian: the high-Q side is not fitted 
well even with Lorentzian. In this study, the Lorentzian is 
in a good agreement with the net FSDP. The Gaussian fit is 
also close to the net FSDP curve, although the Lorentzian 
fit looks better. Good Lorentzian fit would mean that the 
size distribution of the voids is narrow to induce resonance 
because Lorentzian is derived from a resonant phenomenon. 
The peak width w may be defined in the Lorentzian form 
(2)
When y0 = 0, y is the half of the maximum at x = x0 ± w. 
The corresponding width may be defined in the Gaussian form 
(3)
When y0 = 0, y is exp(−0.5) = 0.61 at x = x0 ± w. The com­
position dependence of the peak width is shown in Fig. 18. 
The result indicates that the size distribution of the void is 
narrowest at 33 at.% Ge, in other words, GeS4 tetrahedra 
are the most uniformly packed at 33 at.% Ge. It is noted 
that the peak becomes narrower again at 10 at.% Ge. This 
is probably due to the appearance of a new type of the 
network connection at 10 at.% Ge. In fact, the Gaussian fit is 
more appropriate than the Lorentzian fit at 10 at.% Ge. More 
flexible one-dimensional chains (Fig. 10) may produce more 
uniformly packed network system. Or, the introduction of S8 
ring molecules in the S-rich region, which will be discussed 
in details in Sec. III A 5, may affect the packing conditions in 
the network system. 
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FIG. 16. Pair distribution functions obtained from the structure 
factors with the FSDP (the experimental data: red) and without the 
FSDP (artificially produced data: blue). FIG. 17. Curve fitting to the net FSDP curve using the Lorentzian 
and Gaussian. The net FSDP curves were obtained by subtracting the 
base curve (the broken curve in Fig. 15) from the experimental curve 
in Fig. 15. The curve for Ge10S90 is multiplied by 2. 
4. Small-angle x-ray scattering 
In Fig. 15, there is a large increase in the structure fac­
tors at the small-angle region for Ge10S90. The composition 
dependence of the structure factors at the fixed low Q is 
shown in Fig. 19. The structure factors at the small-angle 
region increase with decreasing Ge content, and they are the 
maximum at 10 at.% Ge in this study. Such large small-
angle scattering was also observed in the small-angle neutron 
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scattering measured by Bychkov et al. [29]. According to 
their result, the intensity changes with time. The large small-
angle scattering suggests a presence of large-scale order in 
nanoscopic scale. Details of the large-scale order will be 
discussed in Sec. III B. 
FIG. 18. Composition dependence of the width of the FSDP, 
obtained from the Lorentzian (red circles) and the Gaussian (blue 
triangles) fit. 
FIG. 19. Composition dependence of the structure factors S (Q) 
at the fixed low Q. 
5. Powder x-ray diffraction 
In the first XRD measurement of Ge10S90, several “spikes,” 
indicating Bragg peaks from crystals, were observed in the 
Q range from 1.6 to 2.1 Å−1. However, in the second mea­
surement using another part of the sample, such spikes were 
not observed. Since the Q resolution of the diffractometer 
on BL04B2 at SPring-8 is optimized for the measurement of 
disordered materials, the diffraction peaks from the crystals 
could not be detected well with the diffractometer. Therefore, 
powder x-ray diffraction measurement of Ge10S90 was carried 
out using a conventional x-ray diffractometer with Cu Kα 
x-ray source (Rigaku RINT2000). The diffraction pattern is 
shown in Fig. 20. Obviously, there is α sulfur, which is 
composed of S8 ring molecules, in Ge10S90. Kawamoto and 
Tsuchihashi [58] investigated the amount of S8 ring molecules 
in GexS100−x (10 x 33) glasses by extracting S8 ring 
molecules with CS2. According to their result, there are S8 
ring molecules in S-rich GexS100−x glasses (x < 20). This 
is consistent with the present result of the powder x-ray 
diffraction. The large small-angle x-ray scattering in Ge10S90 
glasses can be related to amorphous phase/crystalline phase 
co-existence. Details of the phase separation will be discussed 
in Sec. III B. 
(deg) 
FIG. 20. Powder diffraction pattern of Ge10S90 using a con­
ventional x-ray diffractometer with Cu Kα x-ray source (Rigaku 
RINT2000). 
B. Raman spectra 
1. Composition dependence of building blocks 
in the network structure 
The network structure of GexS100−x glasses has been 
mainly investigated by Raman spectra. Our structural mod­
els, obtained from x-ray diffraction, can be reviewed, by 
comparing with the Raman spectra. Figure 21 shows the 
Raman spectra of GexS100−x glasses using the excitation laser 
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with the wavelength of 532 nm and Fig. 22 shows the 
Raman spectra using the excitation laser with the wavelength 
of 785 nm. In the measurement using the 532-nm excitation 
laser, a narrow notch filter was used to eliminate a strong 
Rayleigh line and the spectrum was measured in the low-
frequency region up to 50 cm−1. On the other hand, in the 
measurement using the 785-nm excitation laser, the back­
ground from the Rayleigh line was very strong and a short-
pass sharp cut filter was used, instead of a notch filter. Because 
of this reason, the observable lowest frequency became greater 
to be 90 cm−1. The Raman spectra obtained by the 532-nm 
laser excitation is consistent with previous results measured 
by Sugai (514.5 nm) [14], Kotsalas and Raptis (488 nm) [88], 
and Takebe et al. (514.5 nm) [63]. The result ensures that the 
samples in the present experiment were properly prepared. 
The Raman spectra obtained by the 785-nm laser excitation 
is a little bit different from those obtained by the 532-nm laser 
excitation. The spectrum of Ge40S60 glasses obtained by the 
785-nm laser excitation has a smaller background component 
and has larger peaks in 200−300 cm−1 and 320−450 cm−1. 
The feature of the peaks is the same as that in the spectrum 
obtained by the 799.3-nm krypton laser excitation measured 
by Lucovsky et al. [15], and that obtained by the 632.8-nm 
He-Ne laser excitation measured by Yamaguchi et al. [89]. 
Considering that the optical gap rapidly decreases from 2.5 eV 
(496 nm) to 1.6 eV (775 nm) as increasing the Ge composition 
from 33% to 40% (Fig. 5), the enhancement of those peaks is 
attributed to a resonant Raman scattering. The peaks at 150 
and 220 cm−1 are larger in the spectrum of Ge20S80 glasses 
obtained by the 785-nm laser excitation than in the spectrum 
obtained by the 532-nm laser excitation. Such larger peaks 
are also observed in the spectrum obtained by 625-nm laser 
excitation measured by Lucovsky et al. [13]. 
α 
FIG. 21. Raman spectra of Gex S100−x (x = 10, 20, 30, 33, 40) 
glasses using the excitation laser with the wavelength of 532 nm. 
FIG. 22. Raman spectra of Gex S100−x (x = 10, 20, 30, 33, 40) 
glasses using the excitation laser with the wavelength of 785 nm. 
In Table II, Raman-active modes in GexS100−x glasses 
are summarized. The breathing mode of the corner-sharing 
tetrahedron appears at 342 cm−1 [94,95] and the peak is 
observed throughout the whole composition range. This is 
consistent with our network models (Figs. 8–11), suggesting 
that the tetrahedral units are the main components to build up 
the network in the glasses throughout the entire composition 
range. The peak at 375 cm−1 is referred as the companion Ac 
peak, and is assigned as the vibrational mode of the edge-
sharing GeS4 tetrahedra [14]. The peak is observed in the 
spectra of Ge30S70 and Ge33S67 and this coincides with the 
present result of the pair distribution functions of Ge30S70 and 
Ge33S67 (Fig. 1). As we mentioned, the peak at 2.9 Å indicates 
the Ge-Ge distance in the edge-sharing GeS4 tetrahedra [40]. 
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TABLE II. Raman-active modes of Ge-S glasses. AsyBBend: 
antisymmetric bond bending; SyBBend: symmetric bond bending; 
SyBStr: symmetric bond stretching. 
Molecular unit Mode Frequency (cm−1) Reference 
S8 (AsyBBend) A1 150 [90] 
S8 (SyBBend) Ag 220 [90] 
S8 (SyBStr) Ag 472 [90] 
Sμ (helical chain) 461 [91–93] 
GeS4 (corner sharing) A1 342 [94,95] 
GeS4 (edge sharing) c A1 (A1) 375 [14] 
S-S (outrigger raft) 443 [41,96] 
S3Ge-GeS3 240 [15] 
S3Ge-GeS3 A1g 340 [15] 
S3Ge-GeS3 376 [15] 
GeS Ag 250 [39] 
In the Raman spectra of S-rich glasses, Ge10S90 and 
Ge20S80, there are sharp peaks at 150, 220, and 472 cm−1. 
These peaks are associated with S8 ring molecules, and ob­
served in the Raman spectra of α sulfur (crystal) [90] and 
liquid sulfur [91,92,97]. The presence of S8 ring molecules 
in Ge10S90 was confirmed by a S8 ring extraction experiment 
performed by Kawamoto and Tsuchihashi [58]. The powder 
x-ray diffraction pattern of Ge10S90 glasses in Fig. 20 also 
supports that there are S8 ring molecules (sulfur crystals) in 
Ge10S90 glasses. The ring molecules would be isolated from 
the network in the glasses because there is no room to connect 
with other atoms in the closed molecules. However, the crystal 
in Ge10S90 is not exactly the same as that in α sulfur. Figure 23 
shows Raman spectra of α sulfur and Ge10S90, ranging from 
120 to 250 cm−1. The peaks originated from α sulfur are 
broadened in Ge10S90. In addition, there are sharp peaks in 
the frequency region lower than 100 cm−1, which are assigned 
to the phonon modes, in the Raman spectrum of α sulfur in 
Fig. 21, while the corresponding peaks are quite broadened 
and overlap to each other in the Raman spectrum of Ge10S90. 
Therefore, the sulfur crystals in Ge10S90 are considered not 
to be the same as pure α sulfur, and are distorted kind of 
amorphous form. The details will be discussed again in the 
next section. 
α 
FIG. 23. Comparison of Raman spectra of α sulfur and Ge10S90 
glasses, ranging from 120 to 250 cm−1. 
α 
FIG. 24. Raman spectra of Gex S100−x , ranging from 380 to 
520 cm−1. 
Figure 24 shows Raman spectra of GexS100−x, ranging 
from 380 to 520 cm−1. The peak at 470 cm−1 is assigned to 
the symmetric bond-stretching mode of S8 ring molecules. It 
is well known that a peak (shoulder) appears at 461 cm−1 in 
liquid sulfur by the polymerization transition at 159 ◦C, where 
polymeric sulfur chains are thermally produced [91–93]. In 
Ge10S90, there is such shoulder. In Ge20S80, the relative in­
tensity of the peak at 460 cm−1 to that at 470 cm−1 becomes 
larger. These features indicate that there are polymeric sulfur 
chains in Ge10S90 and Ge20S80. Indeed, there are S-S segments 
in the chainlike sequences in the models of Ge10S90 (Fig. 10) 
and Ge20S80 [Fig. 9(b)] and they could be related to the peak 
(shoulder) in the Raman spectra. In Ge30S70 and Ge33S67, a  
peak appears at 440 cm−1. This peak is associated with the S-S 
bond of the edge dimer in “outrigger raft”[41,96]. Since the 
S-S bond is formed between two S atoms on two neighboring 
GeS4 tetrahedra with only one Ge-S bond [98] [see Fig.  8(a)], 
there are more chances to have the S-S bond when two 
GeS4 tetrahedra approach to each other, from the S3-Ge-S­
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S-Ge-S3 sequence (Ge20S80) to the  S3-Ge-S-Ge-S3 sequence 
(Ge33S67). The change of the peak intensity agrees with this 
expectation. Such a S-S bond can also be formed between two 
neighboring GeS4 tetrahedra in Ge40S60 (Fig. 11). 
The presence of a S3-Ge-Ge-S3 ethanelike unit, which 
includes a Ge-Ge homopolar bond, was often suggested based 
on the result of Raman spectroscopy [15,41,45,48]. According 
to Lucovsky et al. [15], the peaks at 240, 340, and 376 cm−1 
are assigned to the vibrational modes of the ethanelike unit. 
Jackson et al. reproduced the spectrum from a first-principles 
molecular-dynamics study and they assigned the peaks at 254 
and 366 cm−1 to the vibrational modes of the ethanelike units 
[45]. Those peaks are also observed in the Raman spectrum 
of Ge33S67 (GeS2) in the present experiment (Figs. 21 and 
22). In Sec. III A 1, we mentioned that the Ge-Ge bond in the 
S3-Ge-Ge-S3 ethanelike unit is not a major bond type in GeS2 
glasses. However, the result of the Raman spectra indicates 
that there are but small quantities of the Ge-Ge wrong bonds 
in GeS2. 
In the Raman spectra of Ge40S60, there are broad peaks 
at 220 and 250 cm−1. Although the position of 250 cm−1 is 
the same as that of the vibrational mode of the S3-Ge-Ge-S3 
ethanelike unit, Boolchand et al. suggested that the peak 
was assigned to the vibrational mode of the double layer 
in crystalline GeS, not the S3-Ge-Ge-S3 ethanelike unit. In 
the Raman spectra of a GeS crystal at room temperature, 
intensive peaks are observed at 50, 110, 210, and 240 cm−1 
[39,99,100]. The lowest 50-cm−1 peak is related to the sliding 
of the double layers in the crystal. The peak at 110 cm−1 
is assigned to the bond-bending mode while the peaks at 
210 and 240 cm−1 are assigned to the bond-stretching modes. 
Among those peaks, the bond-stretching modes are supposed 
to “survive” even when the material changes from crystalline 
to amorphous phase. In fact, the S-Ge-S unit with a bridging 
Ge atom (Fig. 11) could be a fragment where bond-stretching 
occurs. Therefore, the peaks at 220 and 250 (240) cm−1 could 
be assigned to the bond-stretching modes of the S-Ge-S unit 
with a bridging Ge atom. The peak position can also be 
justified by a rough estimation of the vibrational frequency 
of a diatomic molecule using ν ∼ (K/μ)1/2, where μ and 
K are the reduced mass and the force constant, respectively 
[101]. Since the force constant must be proportional to the 
strength (length) of the bond, the vibrational frequencies of 
three types of bond would be ν(Ge-S: 2.44 Å) = 240 cm−1 < 
ν(Ge-S: 2.22 Å)= 340 cm−1 < ν(S-S: 2.04 Å)= 470 cm−1. 
In our previous paper, we pointed out that there was a peak 
at 410 cm−1 in Ge-rich Ge-S glasses, and inferred that it was 
attributed to a single Ge-S chain, which was separated from 
the double layer [16]. The Ge-S bond in the chain is supposed 
to be the longer Ge-S bond, discussed in the previous section. 
However, the peak seems to indicate a different structure, and 
this should be solved by further structural studies. 
performed for both of the regions as shown in Fig. 26. In  
the homogeneous region, there are both S8 ring molecules 
and amorphous materials including GeS4 tetrahedra because 
there are sharp peaks associated with S8 ring molecules at 150, 
220, and 470 cm−1 and a peak associated with corner-sharing 
GeS4 tetrahedra at 340 cm−1. Peaks in the low-frequency 
region below 100 cm−1 are broadened and overlapped to each 
other. This means that S8 molecules in the homogeneous 
region do not form a perfect crystal, but form rather structure 
with amorphous character. We infer that S8 ring molecules 
are embedded in tiny empty spaces in the Ge-S network. In 
the grainlike region, there are both S8 ring molecules and 
amorphous materials including GeS4 tetrahedra, too, because 
2. Spatial dependence in Ge10S90 glasses 
FIG. 25. Image of Ge10S90 glasses observed by a microscope. 
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FIG. 26. Raman spectra of Ge10S90 glass in the homogeneous 
region and grainlike region together with the Raman spectrum of α 
sulfur. 
The Raman scattering spectra were taken by a micro-
Raman spectrometer. In the measurement of Ge10S90, we  
observed inhomogeneous patterns on the image by the micro­
scope as shown in Fig. 25. There are a homogeneous region 
and a grainlike region. Raman scattering measurement was 
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there are sharp peaks associated with S8 ring molecules at 150, 
220, and 470 cm−1 and a peak associated with corner-sharing 
GeS4 tetrahedra at 340 cm−1. The peak intensity at 340 cm−1 
is smaller than that in the homogeneous region. This means 
that the content of amorphous phase in the grainlike region is 
less than that in the homogeneous region. The peaks in the 
low-frequency region below 100 cm−1 are sharp as well as 
those of α sulfur. Therefore, there are crystals in the grainlike 
region. It is concluded that there are both crystalline and 
amorphous phases, but the crystalline phase is the majority 
in the grainlike region. The boundary between the crystalline 
and amorphous phases is not observed in the image with 
micrometer size, and is expected to be observed in nanoscopic 
scales. This coincides with a large small-angle x-ray scattering 
of Ge10S90 (Figs. 15 and 19) and a large small-angle neutron 
scattering of S-rich Ge-S glasses observed by Bychkov et al. 
[29]. We infer that crystallization can proceed even at room 
temperature because Bychkov et al. reported the time-
dependent change of the small-angle neutron scattering 
[29], which would be caused by the change of crystalline 
phase/amorphous phase boundaries. 
IV. CONCLUSIONS 
We carried out the x-ray diffraction measurement of 
GexS100−x (10 x 40) glasses using high-energy x rays of 
synchrotron radiation and Raman scattering measurement. It 
was found from the measurements that the local, medium-
range and nanoscopic orders change with increasing Ge con­
tent, and the network models of the glasses are proposed 
based on the results. In the stoichiometric composition of 
GeS2 (Ge33S67), the network is composed of GeS4 tetrahedral 
units, with corner-sharing (a dominant case) or edge-sharing 
connection. In the S-rich glasses, S atoms are inserted between 
the GeS4 tetrahedra. This makes the network more flexible, 
and makes the voids (cages) smaller. In much S-richer glasses 
(Ge10S90), more S atoms are inserted between the GeS4 tetra­
hedra. In the glasses, S8 ring molecules are embedded in the 
network and can assemble to form crystals. This would be the 
biggest difference compared to the Ge-Se system. The glasses 
are regarded as crystallized glasses and their functionality 
will be of interest from the application’s point of view. In 
the Ge-rich glasses, GeS4 tetrahedra are three-dimensionally 
connected with bridging Ge atoms. The bridging Ge-S bond 
is weaker than the intratetrahedron bond and this makes 
the optical gap decrease, resulting in the changes in color 
and other optical properties. The decrease of the optical 
gap leads to a greater photosensitivity in the Ge-rich films 
[59,60] and it is interesting to explore new functionality in 
the Ge-rich glasses. The structural understanding obtained 
in this study will also provide considerable insight into the 
mechanism of the silver photodiffusion into amorphous Ge-S, 
which markedly depends on the Ge content. In conclusion, 
a structural transformation occurs in GexS100−x (10 x 
40) network glasses with increasing Ge content. The nature 
of the connectivity fundamentally changes with increasing 
Ge content, and the structural changes manifest themselves 
in a wide spatial range from the atomic short-range to the 
nanoscopic large scale. 
Å 
FIG. 27. Q dependence of the weighting factors Wi j  for 
Gex S100−x glasses. 
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APPENDIX: THEORY OF THE COORDINATION
 
NUMBER CALCULATION
 
Faber and Ziman [102] defined the partial structure factors 
Si j  (Q) in their work on the electrical properties in liquid 
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binary alloys: 
 
Si j  (Q) = 1 + ρ0 [gi j  (r) − 1] exp(−iQ · r)dr, (A1) 
where ρ0 is the average number density of the sample, gi j  (r) is  
the partial pair distribution functions. The Faber-Ziman total 
structural factor SFZ(Q) is given by the equation [62,67] 
  fα (Q) fβ (Q)SFZ(Q) = cαcβ 2 Sαβ (Q)( f (Q))
α	 β   
= WαβSαβ (Q), 
α β 
(A2) 
where ci (i α, β ) Ni/N = = (Ni: the number of atoms i, N : the  
total number of atoms), f (Q) is the atomic scattering factor 
( f (Q)) = c1 f1(Q) + c2 f2(Q), (A3) 
and the weighting factors Wαβ , 
fα (Q) fβ (Q)Wαβ = cαcβ 2 . ( f (Q)) (A4)
In neutron diffraction, the atomic scattering factor f (Q) 
is replaced to the scattering length b, which is constant re­
gardless of Q. Thus, Wi j  is constant in neutron diffraction. On 
the other hand, Wi j  depends on Q in x-ray diffraction [61]. 
This affects the accuracy in the estimation of the coordination 
number. It is also noted that Sαβ cannot be distinguished from 
Sβα in the present experiment. Therefore, we define Wαβ for 
α = β in this study as 
fα (Q) fβ (Q)Wαβ = 2cαcβ 2 (α = β ). ( f (Q)) (A5)
Following the definitions, we obtained the Q dependence of 
Wi j  for GexS100−x binary alloy, and the result is shown in 
Fig. 27. 
For GexS100−x binary alloy, the Faber-Ziman total struc­
tural factors of GexS100−x are written as 
SGex S100−x (Q) = WGe-GeSGe-Ge(Q) +WGe-SSGe-S(Q) 
WS-SSS-S(Q).	 + (A6) 
In general, the radial distribution functions RDF(r) have a  
relationship with the structure factors S(Q) as   
Qmin 
Qmax2r 
RDF(r) = 4πr2ρ0 + Q[S(Q) − 1] sin(Qr)dQ. 
π
(A7) 
Using (A5) and (A6), RDFGex (r) is written as S100−x 
RDFGex S100−x (r) WGe-GeRDFGe-Ge(r) WGe-SRDFGe-S(r) = +
+ WS-SRDFS-S(r). (A8) 
Assuming that the peak in the experimentally obtained 
radial distribution functions is assigned to the i- j correlation, 
the area of the peak A is written as  rmax 
A = Wi j RDFi− j (r)dr. 
rmin 
(A9) 
Therefore, the coordination number Ni− j of j atoms around 
an i atom is 
A 
Ni− j = × c j . Wi j  (A10)
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